Autoradiographic, plasmolysis, and '4C-metabolite distribution studies indicate that the majority of exogenously supplied 14C-sucrose enters the phloem directly from the apoplast in source leaf discs of Beta vulgaris. Phloem loading of sucrose is pH-dependent, being markedly inhibited at an apoplast pH of 8 compared to pH 5. Kinetic analyses indicate that the apparent Km of the loading process increases at the alkaline pH while the maximum velocity, Vmax, is pH-independent. The pH dependence of sucrose loading into source leaf discs translates to phloem loading in and translocation of sucrose from intact source leaves. Studies using asymmetrically labeled sucrose 14C-fructosyl-sucrose, show that sucrose is accumulated intact from the apoplast and not hydrolyzed to its hexose moieties by invertase prior to uptake. The results are discussed in terms of sucrose loading being coupled to the co-transport of protons (and membrane potential) in a manner consistent with the chemiosmotic hypothesis of nonelectrolyte transport.
Phloem loading describes the processes attendant with sugar movement between the sites of photosynthetic assimilation in the mesophyll and the sites and mechanism(s) involved in the selective accumulation of sugars into the phloem prior to translocation (12) . Studies by Geiger and co-workers (13) have shown that sugars are not transported along a diffusion gradient between the mesophyll cells and the phloem, but instead a distinct concentration gradient of solutes exits at the mesophyll-phloem interface. Evidence has been presented that sugars are accumulated into the phloem from the free space prior to translocation (14) and that the uptake resembled an enzyme-mediated process (33) . Giaquinta (15) employed chemical probes to characterize phloem loading at the membrane level further. That study showed that sugars are accumulated into the phloem from the apoplast by an energy-dependent process which was associated with membrane-bound sulfhydryl groups.
The mechanism of energization of the metabolism-dependent transport of sugar into the phloem, whether it be by direct utilization of ATP (33) or by some other process, is not known. Recently, it was suggested (15) that the characteristics of the phloem cells were favorable for sugar uptake to be coupled to the co-transport of protons into the phloem. Chemical composition studies have documented the relatively low proton concentration of the phloem (about pH 8-8.5) along with a high potassium ion and sucrose concentration (5 Experimental Station, E. I. du Pont de Nemours & high proton concentration), conditions exist whereby the electrochemical potential gradient of protons established across the phloem membranes could be coupled to sugar influx. This hypothesis is attractive for phloem loading not only because of the existing prerequisites but also because nonelectrolyte transport (that is, sugars and uncharged amino acids) coupled to the cotransport of ions is well documented in a variety of organisms and may be a universal feature of nonelectrolyte membrane transport (8, 9 21-23, 29, 30-32, 34) .
Little, if any, information is available on the process of phloem loading at the membrane level. Information is needed on the sugar selectivity of the loading process, the mechanism(s) which supplies the driving force for loading, and the regulation of the loading process. This study attempts to characterize phloem loading of sucrose in terms of the energization of the carrier mechanism involved in sucrose transport. Evidence is presented that is consistent with the selective and energy-dependent accumulation of sucrose into the phloem being coupled to proton fluxes in a manner consistent with the chemiosmotic theory of nonelectrolyte transport.
MATERIALS AND METHODS
Beta vulgaris L. (monohybrid A-1) were grown in a controlled environment under conditions described previously (15) . Accumulation of 14C-sugar was measured in 0.385-cm2 discs obtained from source leaves of 5-to 6-week-old plants. Previous studies have shown that similar leaves constitute an exporting source of assimilates (10, 16) . Discs were taken from the upper one-third of the leaf lamina in order to insure that the samples always reflected true source characteristics (10) . Prior to collecting the discs, an area of selected source leaf was gently abraded with carborundum 300 to enhance solute entry through the cuticle (14, 15) . After a brief washing in 1 mm CaC12, discs in triplicate were generally incubated on "4C-sugar for 30 min with the specific treatment conditions being given in the figure and table legends. Discs were then exodiffused in three changes of 1 mm CaCl2 for 5 to 10 min each which removed greater than 95% of the free space label. Leaf discs were transferred to liquid scintillation vials (1 disc/vial) containing 0.1 ml of 70% (v/v) perchloric acid plus 0.1 ml of 30% (v/v) H202, tightly capped, and heated in a water bath at 60 C for 20 to 30 min with occasional agitation. This procedure completely digested and decolorized the leaf material with no loss of 14C label. The radioactivity (dpm) was determined by liquid scintillation spectroscopy using Handifluor cocktail (Mallinckrodt) with a resulting counting efficiency of 82 to 84%.
Steady-state translocation using exogenous 14C-sucrose (14) and autoradiography of leaf tissue exposed to "4C-sugar (10, 17) were as described earlier.
For the metabolite distribution studies, leaf discs were incubated on "4C-sugar for 30 min, washed of free space label, and extracted in 80% (v/v) ethanol for 6 hr in a Soxhlet apparatus. column chromatography into basic (amino acids), acidic (organic acids and sugar phosphates), and neutral (sugars) fractions (1) . Sugars in the neutral fraction were separated by one-dimensional descending paper chromatography using butanol-acetic acid-wa- (5) . With the exception of a few studies (15, 33) , little information is available on the ability of the detached portions to translate to the whole plant process of translocation. Since this study uses leaf discs obtained from source leaves to study phloem loading, it was of importance to determine how well sugar uptake into the discs reflects sugar accumulation into the phloem in relation to translocation. Three approaches were employed to study the suitability of using source leaf discs to monitor the phloem loading process. First, using autoradiography, the cellular localization of 14C-sucrose in leaf discs was compared to that found in intact source leaves (12, 14) . Second, using plasmolysis techniques, the extent of nonphloem sugar uptake could be determined and compared to comparable data obtained on the intact plant. Third, differences in mesophyll versus phloem accumulation of sugars could also be studied by determining the subsequent metabolism of the accumulated sugar.
The recent experiments of Geiger et al. (12, 14) likely responsible for the uniform pattern of 14C (mesophyll uptake) in the autoradiograph shown in Figure 1B . The above data for source leaf discs using autoradiographic, plasmolysis, and metabolite distribution techniques show that sucrose uptake into leaf discs reflects mainly sucrose loading into the phloem from the apoplast and closely resembles the intact plant data for these parameters (12) . The more simplified and experimentally controlled source leaf discs can be used with reasonable confidence in the study of phloem loading. Several lines of evidence have indicated that phloem loading is both selective and dependent on metabolism (11, 14) .
As mentioned in the introductory section, virtually nothing is known about phloem loading at the membrane level other than that sulfhydryl groups are involved in the transport process (15) . The following experiments attempt to characterize the loading process in terms of the feasibility of the hypothesis that sucrose uptake into the minor veins of the phloem is coupled to proton transport. If a proton gradient of approximately 3 pH units exists between the apoplast and phloem as the data indicate (see introductory section), and if this proton gradient is coupled to sucrose uptake, then reducing the magnitude of the pH gradient across the membrane would be expected to decrease the rate of sucrose loading into the phloem. By using various nonpermeant zwitterionic buffers (19) , it is possible to change the proton concentration of the free space relative to the metabolic space of the phloem. Figure 2 shows the pH dependence of sucrose accumulation into source leaf discs from a 1 mM "4C-sucrose solution containing nonpermeant buffers of the appropriate pKa. The sucrose accumulation rate displays a pH optimum of approximately 5 to 5.5, with increases in pH of the apoplast causing a pronounced decrease in the rate of uptake, being 65% inhibited at pH 8 to 8.5, the approximate pH of the phloem. In order to relate sucrose uptake with proton involvement, it was important to establish that the inhibition of sucrose uptake by increasing pH (low proton concentration) was due to proton modulation of the sucrose carrier at the phloem membranes rather than from pH-induced secondary effects such as buffer effects, loss of membrane integrity, or inhibition of invertase activity. The pH 8-induced inhibition of sucrose accumulation (from 1 mm sucrose solution) was not dependent on the buffer used. The extent of inhibition at pH 8 compared to pH 5 was essentially independent of the buffer type. There was no difference between the inhibition caused by the ionic phosphate buffer at pH 8 compared to zwitterionic buffers (Tricine, TES, HEPES) at a similar pH. Neither did the chelating buffers (Tricine and phosphate) differ from nonmetal-binding buffers (HEPES, TES, tris). Tris buffer, a potent inhibitor of acid invertase activity (5, 24) , inhibited sucrose accumulation to the same extent as the other buffers at pH 8, suggesting that hydrolysis of sucrose was not a prerequisite for active loading (see below). These results suggest that the difference in proton concentration is the major factor in inhibiting the sucrose accumulation rate and not buffer characteristics. This seemed important to establish since it has recently been shown that stimulatory effects of ATP on ion transport may be related to its chelating ability rather than to its energy-yielding property (26) .
Since increasing pH can increase membrane permeability (6), the efflux of 14C from leaf tissue preloaded with "4C-sucrose was measured as a function of pH. pH 8 conditions, using a variety of buffer types, increased the amount of 14C label that effluxed into the external media (5% efflux at pH 5 compared to near 10% at pH 8). The presence of 5 mm CaCl2 in the pH 8 medium completely prevented the alkaline-induced efflux. If the apparent pH 8 inhibition of sucrose uptake was due to an increase in membrane leakiness to sucrose (greater than 90% of the effluxing label was in sucrose), then addition of CaCl2 would prevent the efflux and negate the apparent inhibition. Calcium chloride (5 mM) had no effect on the pH 8-induced inhibition of the sucrose accumulation rate (from a 1 mm sucrose solution), indicating that the inhibition was not due to an increase in sucrose efflux. The magnitude of the difference in the amount effluxed and amount of inhibition in the uptake rate also argues against this possibility.
The extent of inhibition of sucrose accumulation at pH 8 is dependent on the sucrose concentration (Fig. 3) . At low sucrose concentrations (0.1-5 mM), there is greater than a 50% inhibition in the rate of uptake at pH 8 compared to pH 5. The extent of inhibition progressively decreases with increasing sucrose concentration until at 100 mm the rates at pH 5 and 8 are approximately equal, 43 and 40 ,umol/hr-dM2, respectively. In some experiments, the rate of uptake at pH 8 slightly exceeded that at pH 5 at 100 mm sucrose. A comparison of the kinetic parameters (Fig. 4) at the two pH values revealed that the apparent affinity, Km, of the carrier for sucrose increases at pH 5 (high protons), whereas the maximum velocity, Vm., is essentially pH-independent. That sucrose uptake is inhibited to the same extent over the entire sucrose concentration (0.1-100 mM) by dinitrophenol, NEM2 and low temperature (Fig. 5) eliminates the possibility of a nonmetabolic component of uptake (such as diffusion) intervening at the higher sucrose concentrations resulting in a similar Vma. at pH 5 and 8. That pH 5 and pH 8 conditions have similar Vmax indicates that we are not dealing with a simple pH optimum or denaturation of the uptake process; if this were the case, a different Vmax would be expected.
The results can be interpreted as indicating that the carrier for sucrose at the phloem membrane surface binds sequentially with the uncharged sucrose molecule and protons (H+), the charged ternary complex (carrier-sucrose-H+) can then be driven across the membrane by the electrochemical potential gradient of protons (proton motive force). The carrier complex presumably dissociates at the inner membrane surface and returns as the uncomplexed carrier. In a variety of nonanimal cells (bacteria, fungi, and algae), the electrical field component (membrane potential, interior negative) of the electrochemical potential seems to be of prime importance in driving this cycle (30) . When one of the co-substrates is limiting, that is protons under pH 8 conditions, the carrier is in the unprotonated form with a lower affinity for sucrose (Km of 57 mm , Fig. 4) Fig. 4 ). The Km of 25 mM at pH 5 agrees reasonably well with the Km of translocation from whole leaves of sugar beet (33) and from sucrose uptake into minor veins of tobacco leaves (4) (see figure legend) .
Using the analysis of Komor and Tanner (21, 22) , it is possible to estimate the relative proportion of the high affinity (protonated) carrier. This is shown in Fig. 6 where at low sucrose concentrations (1 mM), when the proton concentration is plotted as a function of the velocity of the sucrose accumulation rate, a Michaelis-Menten response is obtained with a Km for protons of 0.01 /.M. That is, the carrier is half-maximally protonated near pH 8.
The type of mechanism proposed above for phloem loading whereby neutral molecules are co-transported with protons or ions is well documented in numerous studies in a variety of organisms (see introductory section). In particular, the studies by Komor and Tanner (21-23) using the alga, Chlorella, have shown that hexose transport is stoichiometrically coupled with the co-transport of protons. A similar pH profile for hexose uptake in Chlorella was noted as found here as well as pHdependent changes in the Km values for hexose accumulation.
Similarly, Slayman and Slayman (32) demonstrated a plasmalemma depolarization during the active transport of glucose into Neurospora which was related to a membrane potential-driven co-transport of sugar and hydrogen ions. All of the above models are based on Mitchell's chemiosmotic theory of nonelectrolyte transport (symport) (27) .
The pH dependence of sugar uptake into the phloem appears to be relatively selective for sucrose. Glucose uptake into leaf discs of source leaf tissue (mainly into the mesophyll; Fig. 1B and Table I) shows only a marginal inhibition at pH 8 (20%) compared to sucrose accumulation (mainly phloem) which shows a 56% inhibition at pH 8, further indicating that these events 1/I mm-, The Km values agree with the Kmn of 16 mm reported for translocation of sucrose from sugarbeet leaves (33) and sucrose uptake into isolated vein nets (4 characterize the phloem loading of sucrose. The 20% inhibition of glucose uptake may represent inhibition of uptake of sucrose into the phloem which was synthesized from glucose (Table I and Fig. 1B) .
Since the electrochemical potential gradient (or membrane electrical potential) has to be maintained for the steady-state influx of sucrose into the phloem, the maintenance of the electrochemical proton gradient (that is, high protons outside the phloem) could be coupled to an ATP-driven electrogenic extrusion system. It has been documented by ultrastructural cytochemistry (18) that the plasma membranes of transfer cells and sieve elements of the phloem have substantial ATPase activity compared to mesophyll cells. If this membrane-associated ATPase complex operates as many do (20) , then the hydrolysis of ATP by this enzyme could result in the vectorial displacement of protons exterior to the phloem with a concomitant release of hydroxyl ions within the phloem, thus maintaining the charge separation. Perhaps the known ATP stimulation of translocation (7, 14) can be attributed to hydrolysis of the exogenous ATP via the phloem membrane ATPase thus enhancing the electrochemical potential of H+ across the phloem membrane. In this regard, Slayman et al. (31) have shown a positive correlation between cellular ATP concentration and an electrogenic ion pump in the plasma membrane of Neurospora. Further indication that a membrane ATPase may be involved in phloem loading is the cytochemical demonstration that ATPase activity increased during maturation of phloem cells in Nicotiana tabacum (18) . It would be of interest to determine whether this increased enzyme activity of the phloem temporally coincides with the import-toexport transition of a young leaf (10) or to the appearance of cell wall invaginations (i.e. increase membrane surface area) in the transfer cells of certain species during development. Of importance is the observation that PCMB, a sulfhydryl-specific reagent, markedly inhibited ATPase activity of the phloem membranes (18) . It is likely that the inhibition of phloem loading and translocation by the sulfhydryl group modifier, PCMBS (15) , is due to inhibition of this phloem membrane-located at ATPase.
Komor and Tanner (22) demonstrated that protons are cotransported with hexoses in Chlorella. Additionally, they demonstrated that high concentrations of potassium chloride (200 mM) markedly reduced the rate of hexose uptake into the alga. These results, based on the electrical potential measurements of Barber (2) More insight into the selectivity of the carrier involved in the loading process can be attained by studying the uptake of asymmetrically labeled sucrose (14C-fructosyl-sucrose). The Russian workers (3, 25) maintain that sucrose is hydrolyzed by a free space acid invertase to glucose and fructose which are then actively accumulated into the minor veins where they are resynthesized to sucrose. The major criticism of their work is that the observed invertase activity may be a result of the physical dissection of the phloem tissue and the long washing process (about 24 h) prior to the experiment (12) . Also, depending on the developmental stage of the leaf used, there exist various source and sink zones within the same leaf lamina (10). It is not known whether their material contained sink tissue which could contribute to the invertase activity. The use of asymmetrically labeled sucrose to study the question of sucrose hydrolysis is well documented in plant tissues (24, 28) . The rationale is that if the asymmetrically labeled sucrose is enzymically hydrolyzed by a free space invertase and then resynthesized intracellularly, the resynthesis process would, because of isomerase activity, introduce randomization of the radiocarbon among the hexose moieties. Retention of the 14C label in the fructosyl moiety of sucrose is indicative of sucrose entering the cell intact. Table II shows that approximately 95% of the label was retained in the fructose position of sucrose (G/F = 0.05) when 14C-fructosyl-sucrose was accumulated. As a control, when uniformly labeled sucrose was accumulated into source leaf tissue, the expected G/F ratio of unity was observed. When 14C-glucose is accumulated by source leaf discs, the resulting sucrose is equally labeled in both hexose moieties, indicating active isomerase activity with subsequent synthesis to sucrose. These results indicate that sucrose per se is selectively accumulated into the phloem and is not hydrolyzed prior to phloem loading. The observation that there is little invertase activity involved with phloem loading in source leaf tissue (Table II) further argues that the pH effects are not due to inhibition of invertase activity. The data indicate that sucrose is loaded as such by a sucrose-specific carrier.
From the data presented here and elsewhere (12, 15) , it seems that photosynthetically derived sucrose enters the apoplast (presumably at the phloem region), where it is selectively accumulated into the phloem as such by an energy-dependent process involving membrane sulfhydryl groups. The accumulation of sucrose is possibly coupled to the co-transport of protons where the electrochemical potential of protons (the membrane potential) generated by a membrane-bound ATPase drives sucrose transport into the phloem.
Although the above data are consistent with this hypothesis, further confirmation is needed in terms of microelectrode measurements of the electrical potential of the transfer cells and sieve elements as well as measurements of proton fluxes in the regions between phloem membranes and their cell walls. Nevertheless, the characteristics of the phloem and the precedence of such a mechanism operating in other organisms make this an attractive as well as feasible hypothesis for phloem loading.
